Allergic bronchopulmonary aspergillosis (ABPA) is a frequent complication in cystic fibrosis patients. The diagnosis remains difficult and requires a combination of clinical, radiological, biological, and mycological criteria. The aim of this study was to analyze the added value of two recombinant antigens, rAspf4 and rAspf6, associated with the detection of specific IgG; precipitins; total IgE; and Aspergillus fumigatus in sputum for the diagnosis of ABPA. In a retrospective study, we determined the specific IgE responses to these recombinants in 133 sera of 65 cystic fibrosis patients. We selected an average of five serum samples from each of the 17 patients with ABPA (13 proven and 4 probable ABPA) and from 3 patients with Aspergillus bronchitis and rhinosinusitis. One serum sample for the 45 patients without ABPA was tested. The sensitivity of specific IgE detection against rAspf4 calculated per patient (92.3%) was significantly higher (P < 0.05) than that of rAspf6 (53.8%). When rAspf4 IgE detection was associated with anti-Aspergillus IgG enzyme-linked immunosorbent assay (ELISA) and precipitin detection, the sensitivity rose to 100%. The specificities of rAspf4 and rAspf6 IgE detection were 93.7% and 91.6%, respectively. Other diagnostic criteria had slightly lower specificities (87.5% for anti-Aspergillus IgG ELISA, 89.6% for precipitins, 84.4% for total IgE, and 85.0% for positive A. fumigatus culture in sputum). In conclusion, this retrospective study showed the relevance of rAspf4 IgE detection, in combination with other biological markers (Aspergillus IgG ELISA, precipitins, and total IgE), for improving the biological diagnosis of ABPA.
Allergic bronchopulmonary aspergillosis (ABPA) is a frequent complication in patients with cystic fibrosis that causes significant respiratory morbidity (1, 13, 18) . The exact prevalence of ABPA is not clearly known; however, it ranges from 2 to 25% in patients with cystic fibrosis (22) . ABPA may lead to acute worsening of the respiratory condition and ongoing decline in lung function. Without adequate treatment, ABPA ultimately progresses to a chronic state with lung fibrosis. ABPA is a hypersensitivity pulmonary disease associated with inflammatory destruction of airways in response to Aspergillus allergens (23) . Thus, chronic airway colonization with Aspergillus induces strong inflammatory responses with high IgE levels (20) . The factors leading to ABPA are not clearly understood, but it is believed that Aspergillus-specific, IgE-mediated type I hypersensitivity reactions and specific IgG-mediated type III hypersensitivity reactions play central roles in the pathogenesis of ABPA (18) . Furthermore, host factors, including individual susceptibility, may contribute to the immunopathogenesis of ABPA. Early diagnosis and treatment of ABPA are important to prevent serious and potentially irreversible lung damage (9) .
ABPA is defined by five major diagnostic criteria, according to the Cystic Fibrosis Foundation Consensus Conference (19, 23) : (i) acute or subacute clinical deterioration and decline in pulmonary function not attributable to another etiology, (ii) elevated serum IgE concentrations, (iii) immediate prick test reactivity to Aspergillus antigen or presence of specific IgE antibodies to Aspergillus fumigatus, (iv) precipitating antibodies to A. fumigatus or elevated serum IgG antibodies to A. fumigatus, and (v) history of pulmonary infiltrates (transient or fixed) and central bronchiectasis. Minor diagnostic criteria include repeated detection of Aspergillus species in sputum samples, a history of expectoration of brown plugs or flecks, and late skin reactivity to Aspergillus antigens. Despite these criteria, diagnosis of ABPA in cystic fibrosis patients remains particularly difficult (3, 16, 21, 22) . Therefore, as stated in the most recent consensus document on the diagnosis and therapy of ABPA in cystic fibrosis patients (19) , serological findings should strongly contribute to the confirmation or exclusion of clinically suspected ABPA.
The demonstration that some recombinant antigens are specifically expressed only in hyphae explains why an IgE response to these antigens may occur in ABPA patients but not in A. fumigatus-sensitized patients. Thus, cloning, characterization, production, and clinical evaluation of A. fumigatus allergens have been major advances in the diagnosis of ABPA and help in the understanding of the pathophysiological mechanisms underlying the disease (9) . The rAspf1, rAspf2, rAspf3, rAspf4, and rAspf6 recombinant allergens have been evaluated for their diagnostic performance in several serological studies concerning patients with both asthma and cystic fibrosis, with or without ABPA, and showed high specificity for the detection of A. fumigatus sensitization, as well as ABPA (14) . Serological investigations involving rAspf4 and rAspf6 showed that allergen-specific IgE levels against these proteins increased almost exclusively in samples from patients with ABPA (9). However, de Oliveira et al. (10) showed that the determination of the IgE response against A. fumigatus recombinant antigens in asthmatic patients with immediate cutaneous reactivity to A. fumigatus was not helpful in diagnosing ABPA or in detecting sensitization to fungi.
The aim of the present study was to evaluate the efficiencies of two recombinant allergens (rAspf4 and rAspf6) in IgE detection, combined with anti-Aspergillus IgG, precipitins, total serum IgE concentration, and fungal culture of sputum.
MATERIALS AND METHODS
Patients. In our retrospective study, a total of 133 sera from 65 patients (30 males and 35 females; mean age, 13.2 Ϯ 9.9 years; range, 1 to 53 years of age) with cystic fibrosis, regularly followed up at the Grenoble cystic fibrosis center between 1997 and 2008, were analyzed. Among the 65 patients, 13 were considered to present clinical, radiological, and biological criteria of proven ABPA and 4 of probable ABPA; 2 had Aspergillus bronchitis and 1 had Aspergillus rhinosinusitis; and 45 presented no criteria for ABPA. One serum sample was collected from these 45 patients. An average of five sequential samples were obtained from each of the 20 patients with A. fumigatus-associated diseases; one or two samples were collected before aspergillosis diagnosis to study how early the serological tests were positive, and three or four sera were sampled after the ABPA diagnosis to study the evolution of biological criteria. The ABPA patients were treated with steroids, and the patients with bronchitis or rhinosinusitis were treated with voriconazole. In the serum samples, the following parameters were measured: (i) specific IgE against the A. fumigatus recombinant allergens (rAspf4 and rAspf6), (ii) specific anti-A. fumigatus IgG by ELISA, (iii) precipitins by immunoelectrophoresis (IE), and (iv) total IgE level. Sputum samples for performing mycological cultures and serum samples were collected from all patients at the same time.
Biological tests. (i) IgE detection. Total IgE and specific IgE against two A. fumigatus recombinants (rAspf4 and rAspf6) were measured by the Pharmacia UniCAP method (Phadia SAS, Saint Quentin en Yvelines, France). The results of the total IgE measurements were expressed in kIU/liter, and the cutoff used was 500 kIU/liter. This cutoff corresponds to the lowest limit for the IgE level in favor of ABPA in the guidelines. The results of specific IgE measurements against rAspf 4 and rAspf6 were given in kAU/liter, where A represents allergenspecific antibodies (1 kAU/liter ϭ 2.4 ng/ml). The cutoff IgE against rAspf4 and rAspf6 was 0.1 kAU/liter, according to the manufacturer's instructions.
(ii) Anti-A. fumigatus IgG detection. Specific anti-A. fumigatus IgG was measured by a homemade enzyme-linked immunosorbent assay (ELISA) method. Metabolic antigens (concentrated culture medium) and somatic antigens (mechanically extracted from fungal mycelium) were prepared. Two A. fumigatus strains, IHEM 9073 (isolated from an aspergilloma) and IHEM 22145 (isolated from a human cerebral biopsy specimen) were cultured for antigenic preparation. The strains were grown at 30°C for 21 days on a liquid modified Czapek medium (saccharose, 15 g/liter; yeast nitrogen base, 1 g/liter; brain heart, 1 g/liter; NaNO 3 , 3 g/liter; K 2 HPO 4 , 1 g/liter; KCl, 0.5 g/liter; MgSO 4 , 0.5 g/liter; and FeSO 4 ⅐ 7H 2 O, 0.01g/liter). The culture flasks were shaken in a rotary shaker (60 rpm). All the cultures were left at 4°C overnight before antigenic preparation. Then, they were mechanically extracted with a homogenizer (Ultraturrax) in the presence of 0.01 g sodium azide/liter and filtered at 4°C through 0.7-m, 0.45-m, and 0.22-m filters, respectively. The filtrates were dialyzed at 4°C for 48 h, concentrated, and lyophilized. The two preparations from the two strains were mixed, and the total protein level was determined using QuickStart Bradford Dye Reagent (Bio-Rad protein assay 500-0205) with bovine serum albumin as a standard (Bio-Rad 500-026). Catalases and chymotrypsin were detected and had to be present to validate the antigenic preparation. In ELISA, the best results were obtained with a fungal-protein concentration of 0.15 mg/ml. Briefly, the microplates were coated with soluble antigens (0.15 mg/ml) in carbonate buffer (carbonate-bicarbonate buffer; Sigma) and left at 4°C overnight. The plates were stored at Ϫ80°C until they were used. Before use, the plates were washed with washing buffer at pH 7.2 (phosphate buffer; Na 2 HPO 4 , 5.325 g; NaH 2 PO 4 ⅐ 2H 2 O, 0.975 g; NaCl, 21.25 g; Tween 20, 0.125% [vol/vol]; distilled water, total volume of 1 liter). They were then left for 15 min with a blocker (5% nonfat milk in washing buffer) before being washed three times with washing buffer. Both the patients' sera and positive and negative controls were diluted at 1/400 in washing buffer and nonfat milk. Then, 100 l each was placed in duplicate in each well and incubated at 37°C for 30 min. The plates were first washed three times with the washing buffer, and then 100 l of anti-human IgG conjugated to peroxidase (Interchim, Montluçon, France) was added and incubated at 37°C for 30 min. After four washings, 100 l of orthophenylenediamine dihydrochloride was added. After 10 min at room temperature in the dark, the enzymatic reaction was stopped by adding 200 l of 2 N sulfuric acid; the optical density (OD) was then read at 492 nm on a spectrophotometer (Power Wave XS; Bio Tek, Colmar, France). The final value was the sample OD times the correction factor (positive-control OD/positive reference value). The positive reference value was the mean of 10 OD results for the positive control obtained in 10 different experiments. The positive control was a pool of sera from a patient with proven aspergilloma. The negative control was a pool of sera from patients without aspergillosis. The IgG ELISA cutoff was 0.75.
(iii) A. fumigatus precipitin detection. IE for precipitin detection was performed with the metabolic and somatic antigens obtained from the IHEM 22145 strain that regularly gave a high level of catalase and chymotrypsin antigens (5). The cutoff was two precipitin lines.
(iv) Fungal cultures of sputum. The samples were incubated for 6 days on CAID 2 (bioMérieux, Marcy-l'Etoile, France) at 35°C to detect yeasts and on Sabouraud medium (bioMérieux, Marcy-l'Etoile, France) at 27°C to detect molds. If mold colonies were detected, morphological identification was performed.
Statistical analysis. The 2 test was used to compare sensitivities, specificities, and negative and positive predictive values of the test with Yates correction (see Table 3 ). The Mann-Whitney U test was used to compare biological values between the proven-ABPA group and the non-ABPA group, excluding the small group of three patients with Aspergillus-related diseases ( Fig. 1) . A P value of Ͻ0.05 was considered significant.
RESULTS
The biological results for 20 patients with proven and probable ABPA are detailed in Table 1 and those for the 3 patients with aspergillosis diseases other than ABPA in Table 2 . The sensitivity, specificity, and negative and positive predictive values were calculated for each patient (Table 3 ). If at least one serum was positive during the survey, the biological test was considered positive for the patient and was used for the calculation of biological criteria. The three patients with A. fumigatus-associated diseases and the four probable ABPA patients were excluded from the calculation. In Table 4 , the performance of the techniques per serum was calculated for 49 sera sampled after ABPA diagnosis, for 15 sera of patients with A. fumigatus-associated diseases, and for 45 sera of patients without ABPA. In the group with proven ABPA, nine sera were collected before the ABPA diagnosis (Table 1) ; they allowed us to compare the positivity of the biological tests in the suspected ABPA cases. In Fig. 1 , the mean values and standard deviations of the biological test results after ABPA diagnosis were calculated for the three groups of patients: proven ABPA (13 patients), fungal bronchitis or rhinosinusitis (3 patients), and without ABPA (45 patients).
Sensitivity of biological markers. The sensitivity of rAspf4 IgE detection per patient (92.3%) was significantly higher (P Ͻ 0.05) than the sensitivity of rAspf6 detection (53.8%) ( Table  3) . Among the 13 proven ABPA cases, 12 had at least one positive result with rAspf4 and 7 with rAspf6 (Table 1) . When the rAspf6 IgE detection yielded a positive result, the rAspf4 IgE detection was also positive. Anti-Aspergillus ELISA IgG and IE showed high sensitivity (92.3%). Only one patient (patient no. 13; serum no. 58 in (Tables 3 and 4 ). The results in Table 1 and Fig. 1 show that the levels of total IgE in serum samples fluctuated greatly during the course of the disease. The mean value was elevated in the ABPA group (Fig. 1) . Moreover, the four patients (no. 4, 7, 11, and 12 in Table 1 ) with low IgE levels (Ͻ500 kIU/liter) were treated with corticosteroids and should have had higher IgE levels in serum samples collected before treatment. Among the four patients, one (no. 7) was not tested on the day of ABPA diagnosis and one (no. 12) was tested only once. The presence of A. fumigatus in sputum, listed as a minor diagnostic criterion, was observed in only 7/13 patients (53.8%) ( Table 3 ). The four patients with probable ABPA (patients no. 14 to 17 in Table 1 ) had elevated values with anti-A. fumigatus IgG ELISA and IE. Two patients in this group showed positive IgE levels against recombinant allergens: one patient (no. 15) for rAspf4 and one patient (no. 16) for rAspf6. Specificity of biological markers. Table 2 shows that three patients with Aspergillus bronchitis or rhinosinusitis had positive results for anti-A. fumigatus IgG detection, IE, and sputum culture. The specific IgE detections against rAspf4 and rAspf6 were positive for one patient (no. 19 in Table 2 ). The total IgE level was under 500 kIU/liter for these three patients. The specificity calculated per patient was generally higher than those per serum (Tables 3 and 4) . Among the 45 patients without ABPA, although only two false-positive results with rAspf4 IgE detection were observed, the levels obtained were very low (0.12 and 0.11 kAU/liter). Figure 1 clearly shows the high specificity of IgE detection using rAspf4. Among the 45 patients without ABPA, three false-positive results with rAspf6
IgE detection were observed. Anti-A. fumigatus IgG detection was positive for 3 sera and total IgE for 5 sera. The specificity per patient was slightly higher for rAspf4 and rAspf6 IgE detection (93.7% and 91.6%, respectively) than the specificities of the other tests (anti-Aspergillus IgG ELISA, 87.5%; IE, 89.6%; total IgE detection 84.4%; and Aspergillus detection in sputum, 85.0%), but the differences were not significant (P Ͻ 0.05).
Negative and positive predictive values. The negative predictive values of rAspf4 IgE, anti-Aspergillus IgG ELISA, and IE were significantly higher than those of rAspf6 IgE, total IgE, and Aspergillus culture in sputum (Tables 3 and 4) (P Ͻ 0.05). The positive predictive value of the rAspf4 test (80.0% calculated per patient) was slightly higher than those of the other five biological tests (from 58.3% to 70.6% calculated per patient) (Table 3 ), but the differences were not significant (P Ͼ 0.05).
Importance of biological criteria before ABPA diagnosis. A total of 15 sera from 10 patients were sampled before the ABPA diagnosis (Table 1) . Anti-Aspergillus IgG ELISA and IE were positive for 6/15 serum samples, total IgE for 4/11 samples, and fungal culture for 5/7 sputum samples. The rAspf4 IgE tests were positive for 3/14 sera sampled before ABPA was diagnosed, and the rAspf6 IgE tests were negative. Thus, biological tests, such as anti-Aspergillus IgG ELISA, IE, total IgE, and fungal culture, were often positive before ABPA diagnosis.
DISCUSSION
Difficulties in diagnosing ABPA in cystic fibrosis patients are frequently reported in the literature. The wide variation in diagnostic practices among clinics, different estimates of prevalence, and diagnosis time delays lead to undertreatment (25) . The mean values of IgE detection using rAspf4 and rAspf6, as well as specific IgG ELISA detection, were multiplied by 10; total IgE detection was multiplied by 10 Ϫ2 in order to obtain the same range values. The results of the samples collected before diagnosis of proven ABPA were excluded. Significant differences between the ABPA patient group and the control group (patients without ABPA) were observed. ** , P Ͻ 0.001 for rAspf4, specific IgG, and total IgE; * , P Ͻ 0.05 for rAspf6. No significant difference was observed for the detection of Aspergillus in the sputum.
Statistical analysis was not performed for the group of three patients with bronchitis or sinusitis, as it was too small. Consequently, combined biological and clinical criteria were described and graded in the consensus conference (19) . The total IgE level is considered a major and useful test to support the diagnosis and follow-up of ABPA (2). A normal serum IgE level should exclude ABPA as the cause of the patient's symptoms. The situations in which IgE levels can be normal in active ABPA have been described by Knutsen et al. (12) . Glucocorticoid therapy can explain a normal serum IgE level (2) . Different cutoffs for total IgE levels exist: some authors used a cutoff of 1,000 IU/ml, while others used a cutoff of 500 IU/ml or 1,000 ng/ml (equivalent to 417 IU/ml). In the present study, the cutoff used was 500 IU/ml, and the 3 patients with rhinosinusitis and bronchitis due to A. fumigatus had values under 300 IU/ml. However, 4/13 patients with ABPA had IgE levels under the cutoff. For them, corticotherapy could explain the absence of elevated levels. High IgE levels (Ͼ500 IU/ml) were revealed in 5 patients without ABPA: four of them were atopic, with allergic reactions to pollens and acaridan allergens, while two presented intestinal helminthiasis.
Specific anti-Aspergillus IgG and precipitins indicate Aspergillus antigen sensitization, as well as ABPA. These tests have low discriminative power for ABPA diagnosis (4). Increased ELISA values were nevertheless observed in patients with an Aspergillus-associated disease, as shown in Fig. 1 . In addition, the specific IgG antibodies measured in ABPA sera were elevated, as observed in our in-house ELISA for 12/13 patients with proven ABPA. However, in the three other clinical forms of aspergillosis, the IgG levels were also high. The precipitins were highly suggestive of aspergillosis. The presence of anti-catalase antibody was able to discriminate between sensitized cystic fibrosis patients and ABPA cystic fibrosis patients (17) . Chymotrypsin detection has very low sensitivity in this population (Table 1) . Although the quality of Aspergillus antigens is of great importance for reliable diagnosis, inconsistencies in commercial Aspergillus extracts have been noted (7) . The quality of our own antigens used in homemade ELISA and IE was regularly checked, and both the repeatability and reproducibility of the results have been highly satisfactory. The presence of A. fumigatus in sputum is not specific to ABPA (22) , but Aspergillus colonization is the first step leading to ABPA, depending on the individual susceptibilities of cystic fibrosis patients (2). Thus, A. fumigatus was more often isolated from the 17 ABPA patients (64.7%) and from the 3 patients with other forms of aspergillosis than from the ABPA-free population (6.6%). However, the colonization intensity did not vary among the three groups (Fig. 1) . The major difficulty in the biological diagnosis of ABPA remains the lack of standardization of the methods, as well as of the antigens used. Recombinant technology is known to enhance the reproducibility of antigen production (7, 8, 17, 24) . For this reason, six A. fumigatus recombinants are now commercially available for specific antibody detection. The new standardized allergens are supposed to increase the accuracy of ABPA diagnosis. rAspf1, rAspf3, rAspf4, and rAspf6 recombinant allergens represent a useful measure to diagnose ABPA but have not been successful for monitoring therapy (7) .
Nevertheless, the data in the literature showed discordant results. de Oliveira et al. (10) have shown the lack of advantage of these recombinants (rAspf1, rAspf2, rAspf3, rAspf4, and rAspf6) in diagnosing ABPA. Other authors (11) have reported that rAspf3 and rAspf4 allow discrimination between ABPA and non-ABPA patients with atopic A. fumigatus-positive skin tests. According to the data in the literature (2, 11, 21) , rAspf4 (a cytoplasmic protein with unknown function) and rAspf6 recombinants have provided powerful tools for the accurate diagnosis of ABPA. Kraemer et al. (13) have shown that allergen-specific IgE against these two recombinants could be detected almost exclusively in the sera of patients with ABPA. rAspf4 sensitivity is usually higher than that of rAspf6 (6, 11), but not for Latzin et al. (15) . In comparison, the sensitivities obtained in our work were 92.3% for rAspf4 and 53.8% for rAspf6. These results are quite similar to those reported by Knutsen et al. (11) (82% with rAspf4 and 25% with rAspf6) and Bowyer et al. (6) (70% with rAspf4 and 30% with rAspf6). The cutoff used (0.1 kAU/liter) was very low but gave good sensitivity for specific IgE detection, especially with the two recombinants (specificity, up to 90%). These two recombinants had slightly higher reactivities than other biological markers. In our study, early suspected diagnosis was essentially linked to the increase in specific IgG and the presence of precipitins (Fig. 1) . The IgE responses to the two recombinants were rarely detectable before the acute ABPA stage.
In conclusion, our study showed how complementary different biological markers are in diagnosing ABPA in cystic fibrosis patients. While the most sensitive techniques per patient were rAspf4 IgE detection (92.3%), anti-Aspergillus IgG ELISA (92.3%), and IE (92.3%), the most specific were rAspf4 and rAspf6 IgE detection (93.7% and 91.6%). The sensitivity 
